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Chronic high fat feeding attenuates load-induced
hypertrophy in mice
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The incidence of obesity and obesity-related conditions, such as metabolic syndrome and insulin
resistance, is on the increase. The effect of obesity on skeletal muscle function, especially the
regulation of muscle mass, is poorly understood. In this study we investigated the effect of
diet-induced obesity on the ability of skeletal muscle to respond to an imposed growth stimulus,
such as increased load. Male C57BL/6 mice were randomized into two diet groups: a low fat,
high carbohydrate diet (LFD) and a high fat, low carbohydrate diet (HFD) fed ad libitum for
14 weeks. Mice from each diet group were divided into two treatment groups: sedentary control
or bilateral functional overload (FO) of the plantaris muscle. Mice were evaluated at 3, 7, 14 or
30 days following FO. By 14 days of FO, there was a 10% reduction (P < 0.05) in absolute growth
of the plantaris in response to overload in HFD mice vs. LFD mice. By 30 days the attenuation
in growth increased to 16% in HFD mice compared to LFD mice. Following FO, there was a
reduction in the formation of polysomes in the HFD mice relative to the LFD mice, suggesting
a decrease in protein translation. Further, activation of Akt and S6K1, in response to increased
mechanical loading, was significantly attenuated in the HFD mice relative to the LFD mice.
In conclusion, chronic high fat feeding impairs the ability of skeletal muscle to hypertrophy
in response to increased mechanical load. This failure coincided with a failure to activate key
members of the Akt/mTOR signalling pathway and increase protein translation.
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Introduction

Obesity is increasingly prevalent today in both young
and old individuals, and has multisystemic patho-
physiological consequences. Prolonged obesity can lead
to a multitude of conditions and diseases, including
diabetes and metabolic syndrome which includes a
collection of metabolic risk factors such as high blood
pressure, dyslipidaemia, and insulin resistance (Reaven,
1988; Pischon et al. 2008; Silveira et al. 2008). While insulin
resistance tends to increase with age, when combined with
obesity it can lead to type 2 diabetes, in which individuals
have both insulin resistance and hyperglycaemia (Kahn
et al. 2006).

The association between obesity and insulin resistance
in skeletal muscle is well established (Kraegen & Cooney,
2008; Silveira et al. 2008); however, the mechanism

responsible for the reduced insulin sensitivity is still
unclear. Many recent studies suggest that the accumulation
of triglycerides in muscle with high fat feeding leads
to the development of insulin resistance, in part,
by interfering with protein phosphorylation along the
insulin/IRS-1/PI3-K/Akt signalling pathway (Tremblay &
Marette, 2001; Aguirre et al. 2002; Silveira et al. 2008).
Disruption of Akt signalling can lead to a reduced capacity
for glucose transport and glucose metabolism in peri-
pheral tissues such as skeletal muscle (Tremblay & Marette,
2001; Beeson et al. 2003; Belfort et al. 2005; Pedrini et al.
2005; Casaubon et al. 2006). As a result of decreased
insulin activity, the ability of skeletal muscle to maintain
normal glucose homeostasis is compromised. However, in
addition to activating glucose metabolism, insulin plays
an important role in the initiation of protein synthesis
in both pre- and postnatal muscle through activation of
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downstream targets of mTOR (Kimball et al. 1998; Balage
et al. 2001; Prod’homme et al. 2005).

Skeletal muscle is a dynamic tissue that plays a critical
role in glucose homeostasis; however, its primary role is
the development of force. The maximum amount of force
produced by a muscle is directly related to its physio-
logical cross-sectional area (Powell et al. 1984), which
is a tightly controlled property of skeletal muscle that is
regulated by the balance of two processes, protein synthesis
and degradation (Rennie et al. 2004; Favier et al. 2008).
During periods of growth, the balance favours synthesis
over degradation; while loss of muscle mass is associated
with a shift in the balance towards protein degradation.
Recent evidence shows that activation of mTOR and
its downstream targets, S6K1 and 4E-BP1 is critical for
skeletal muscle growth, especially under increased loading
conditions in adult mammals, through its control of the
rate of protein translation (Bolster et al. 2004; Bodine,
2006; Miyazaki & Esser, 2008).

There is increasing evidence showing dysregulation of
the Akt/mTOR pathway in models of diet-induced obesity
(Eldar-Finkelman et al. 1999), fatty acid infusion (Belfort
et al. 2005; Pedrini et al. 2005) and diabetes (Krook et al.
1998; Kim et al. 1999) although it has been primarily
studied in the context of glucose homeostasis. Given that
skeletal muscle mass is a critical regulator of glucose
uptake, it is important to know whether diet-induced
obesity has an effect on the ability of skeletal muscle to
adapt and respond appropriately to external growth cues.
Recent evidence shows a significant deficit in the ability to
increase protein synthesis (Anderson et al. 2008) and ATP
synthesis (Abdul-Ghani et al. 2008; Yerby et al. 2008) in
response to an insulin challenge in diet-induced obesity.
These data suggest that other properties of skeletal muscle,
such as the ability of skeletal muscle to increase muscle
mass in response to growth stimuli, could be impaired
following diet-induced obesity. Consequently, the present
study was designed to test the hypotheses that following
diet-induced obesity: (1) muscle growth in response to
an increase in mechanical loading is attenuated, and (2)
the attenuation of muscle growth in obese mice is related
to a decrease in the activation of the Akt/mTOR pathway
resulting in a reduction in protein translation.

Methods

Animals

Male C57BL/6 mice (n = 120), 5 weeks old, were
obtained from the Jackson Laboratories and housed in
temperature-controlled rooms (19–21◦C) with a 12 h:12 h
light–dark cycle at the University of California, Davis.
The Institutional Animal Use and Care Committee at
the University of California, Davis approved all animal
protocols. Upon arrival, all animals were given a 2 week

acclimation period in which they were fed a low fat diet
(D12450B, 10% fat, Research Diets, New Brunswick, NJ,
USA). After the 2 week acclimation period, animals were
randomly assigned to either a high fat diet (D12451, 45%
fat, Research Diets) or a low fat diet for a period of
14 weeks. A small cohort of mice remained on the low
fat or high fat diet for a period of 30 weeks. Mice on both
diets had unlimited access to both food and water.

Functional overload and tissue removal

To induce mechanical overload of the plantaris muscle,
animals were subjected to surgical ablation of the soleus
and gastrocnemius muscles as previously described (Roy
et al. 1982; Bodine et al. 2001). Briefly, mice were
anaesthetized with 2–4% isoflurane, and using aseptic
surgical procedures, an incision was made to the lower
hind limb exposing the ankle extensor muscle complex.
The soleus and one-third of the lower medial and lateral
gastrocnemius were carefully removed with particular
attention to preserving the neural and vascular supply to
the plantaris muscle. The incision site was irrigated with
sterile saline and closed using subcuticular sutures. This
procedure was performed on both hind limbs. At 3, 7,
14 and 30 days post surgery, animals were anaesthetized
with 2–4% isoflurane and the plantaris muscles were
excised, weighed and flash frozen in liquid nitrogen.
Epididymal and retroperitoneal fat pads were removed,
weighed and flash frozen in liquid nitrogen. Blood samples
were collected, and then animals were humanely killed.
Tissue samples were collected, in all groups, in the morning
following an overnight fast.

Skeletal muscle polysomal aggregation

Sucrose density gradient centrifugation was used to
separate the subpolysomal from the polysomal ribosome
fractions in the plantaris of control and overloaded
animals using an adaptation of a previous published
protocol (Kubica et al. 2005). Plantaris muscle was homo-
genized on ice in buffer containing 50 mM Hepes, 75 mM

KCl, 5 mM MgCl2, 250 mM sucrose, 100 μg ml−1 cyclo-
hexamide and 2 mM DTT. Samples were incubated on
ice for 5 min before addition of 75 μl of Triton-DOC
(1.34 ml of Triton X, 0.66 g of deoxycholate, 18 ml of
sterile water). Following a 15 min incubation on ice,
samples were centrifuged at 3000 g for 10 min at 4◦C.
The resulting supernatant (600 μl) was layered on a
20–47% linear sucrose gradient (20 mM Tris (pH 7.5),
250 mM KCl and 10 mM MgCl2) and centrifuged in
a Beckman SW41 rotor at 143 000 g for 4 h at 4◦C.
Following centrifugation, the gradient was displaced
upward (3 ml min−1) using Fluorinert (Isco, Lincoln,
NE, USA) through a spectrophotometer, and optical
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density at 254 nm was continuously recorded (chart speed,
150 cm h−1). The individual traces were quantified using
Image J software (http://rsb.info.nih.gov/ij).

SDS-PAGE, Western blotting and immunodetection

The plantaris muscle was homogenized on ice in
buffer containing 50 mM Hepes (pH 7.4), 4 mM EGTA,
20 mM EDTA, 15 mM sodium pyrophosphate, 100 mM

β-glycerophosphate, 0.1% Triton X-100, 25 mM NaF, 5 mM

NaVO4, 10 mg ml−1 leupeptin, 1.75 mg ml−1 aprotinin
and 1 mM PMSF as previously described (Sitnick et al.
2006). Following processing, samples were stored at
−80◦C. Protein concentration was determined in triplicate
using the Bradford Method (Bio-Rad Protein Assay,
Hercules, CA, USA).

Homogenates were solubilized in sample buffer
(250 mM Tris-HCl pH 6.8, 30% glycerol, 8% SDS, 10%
β-mercaptoethanol, and 0.02% Bromophenol Blue) and
allowed to boil at 100◦C for 5 min. For each sample,
75 μg of protein was loaded onto 10% SDS-PAGE gels
with the following exceptions: 100 μg of protein was
used for total S6K1 kinase and Thr389 phos-S6K1. All
gels were run at 150 V for approximately 1 h to allow
for ample separation of protein. The proteins then were
transferred onto a PVDF membrane (Millipore, Bedford,
MA, USA) at 50 V for 1 h. To confirm complete transfer
and equal loading of the samples, the membranes were
stained in Ponceau S solution (data not shown). Following
a successful transfer, membranes were blocked in 5%
non-fat dry milk (NFDM) in Tris-buffered saline with
0.1% Tween-20 added (TBS-T) for 1 h with gentle rocking.
Blots were then serially washed (3 × 5 min) in TBS-T and
incubated overnight with primary antibody, at 4◦C. The
following day, blots were serially washed in TBS-T and
incubated with the appropriate secondary antibody in
5% NFDM for 1 h rocking at room temperature, after
which they were serially washed again in TBS-T and
incubated with enhanced chemiluminescence reagent (GE
Healthcare, Amersham, UK) to detect HRP activity on
Kodak XAR-5 auto-radiographic film. Films were exposed
long enough to keep integrated optical densities in a linear,
non-saturated range for each band on every membrane.
Bands were quantified using a BioRad VersaDoc Imaging
System and Quantity One software (BioRad Instruments,
Hercules, CA, USA).

Antibodies

The primary antibodies for Ser473 phos-Akt, (1:1000
dilution), Akt (1:1000), Thr389 phos-S6K1 (1:500), S6K1
(1:500), phos-GSK-3β (1:1000) were purchased from Cell
Signalling Technology (Beverly, MA, USA). Anti-rabbit

IgG HRP-conjugated secondary antibodies were also
purchased from Cell Signalling Technology.

Insulin assays

Plasma insulin was measured using an Ultra Sensitive
Mouse Insulin ELISA Kit (CrystalChem, Downers Grove,
IL, USA) according to the provided protocol.

Statistical analysis

All data are expressed as means ± S.D. Statistical
significance was determined using an analysis of variance
for multiple comparisons (ANOVA) followed by a Tukey’s
post hoc test. A P value of < 0.05 was considered
significant.

Results

Effects of HFD on body composition

At 7 weeks of age, male mice were randomly assigned to
either a low fat (LFD) or a high fat (HFD) ad libitum
diet for a period of 14 weeks. After 14 weeks, mice in
each diet group were randomly assigned into either a FO
or sedentary cage control group and maintained on the
selected diet until the termination of the experiment. The
growth curves of the mice over the 14 week period on the
two diets are shown in Fig. 1. The initial body weights
of the mice on the two diets were similar; however, after
only 1 week, mice on the high fat diet were significantly
heavier than mice on the LFD (Fig. 1). The difference in
body weight between the two groups continued to increase

Figure 1. Growth curves of male C57BL/6 mice fed either a low
fat (LFD) or a high fat diet (HFD) for a period of up to 18 weeks
The average (mean ± S.E.M.) body weight of mice fed either a LFD (•)
or HFD (◦) was measured weekly over the 14 weeks of feeding
(n = 60/diet). ∗Statistical difference between LFD and HFD mice at a
specific age (P < 0.05).
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Table 1. Body composition of mice on low and high fat diets

LFD HFD

Body weight (g) 29.2 ± 3.2 38.0 ± 3.8∗

EPI (mg) 832 ± 460 1810 ± 470∗

RP (mg) 193 ± 109 397 ± 86∗

Soleus (mg) 11.1 ± 1.3 11.9 ± 1.9
Gast (mg) 143 ± 11 150 ± 13
Heart (mg) 141 ± 20 148 ± 18
Insulin (ng ml−1) 0.096 ± 0.01 0.73 ± 0.13∗

Male C57BL/6 mice were fed either a low fat (LFD) or a high fat
(HFD) for a period of 14–18 weeks. The average (mean ± S.E.M.)
body weight, muscle mass and fat pad mass of control mice used
in the functional overload experiments (n = 5–10/time point)
were calculated upon completion of the experiments. All control
mice (n = 30) were pooled together to calculate the means
since there was no difference in the means across the groups.
Abbreviations are: Gast, gastrocnemius muscle; EPI, epididymal
fat pad; RP, retroperitoneal fat pad. ∗Statistical difference from
LFD mice (P < 0.05).

over the course of the treatment, increasing to a difference
of 20% at 9 weeks. At the end of the experiment, the
control HFD mice were 31% heavier than the LFD mice
(Fig. 1 and Table 1). Furthermore, following 14 weeks on
the high fat diet, mice were hyperinsulinaemic, having a
7.6-fold increase in fasting insulin levels relative to LFD
mice (Table 1).

The increase in body weight associated with high fat
feeding over the 14 week period was attributed to an
expansion of adipose tissue rather than lean muscle mass.
High fat feeding resulted in an increase in the mass of both
epididymal and retroperitoneal fat pads. After 14 weeks
on the high fat diet, the masses of the epididymal and
retroperitoneal fat pads were 120% and 105% larger,
respectively, in HFD compared to the LFD mice (Table 1).
The wet weights of the soleus, gastrocnemius and heart
were similar in HFD and LFD mice (Table 1).

Effects of functional overload on plantaris mass

To assess the effect of chronic high fat feeding on the
ability of skeletal muscle to hypertrophy in response to
increased mechanical loading, we subjected the plantaris
muscle from LFD and HFD animals to functional overload
for 3, 7, 14 or 30 days. The plantaris mass of LFD and HFD
control mice was similar at each of the time points studied
(Fig. 2). In both LFD and HFD mice, functional overload
led to a significant increase in plantaris mass at all time
points studied (Fig. 2); however, significant differences
were noted in the absolute growth response between mice
in the two diet groups at 14 and 30 days. At 7 days the
growth response of the LFD mice (mean LFD – mean
HFD/mean LFD × 100) was 8% greater (P > 0.05) relative
to the HFD mice and increased to a significant difference

of 10 and 16% (P < 0.05) at 14 and 30 days, respectively. At
30 days of FO, the relative difference between control and
overloaded muscles (mean FO/mean control) was 2.1- and
1.7-fold in the LFD and HFD mice, respectively. These data
reveal that diet-induced obesity resulted in a significant
impairment in the response of skeletal muscle to increased
mechanical loading.

Effect of the duration of high fat feeding on muscle
growth in response to loading

Next, we examined the effect of a longer duration of high
fat feeding (14 vs. 30 weeks) on the growth response of
the plantaris to functional overload. In these experiments,
only one time point (14 days) was examined. In response
to the FO, mice on the extended high fat diet showed
no significant increase in plantaris mass after 14 days of
increased loading (Fig. 3). This was in marked contrast
to the mice maintained on the high fat diet for 14 weeks
that showed a relative increase of 55% at 14 days of FO
compared to a relative increase of 75% in the LFD mice
(Fig. 3). No significant differences were observed in the
growth response of the LFD groups at 14 and 30 weeks.

Assessment of protein translation following
functional overload in HFD and LFD mice

In order to examine the role of protein translation
in the load-induced increase in muscle mass, and to

Figure 2. Effect of diet on load-induced growth of the plantaris
muscle following 3, 7, 14 and 30 days of functional overload
(FO)
Histograms representing the average (mean ± S.E.M.) wet weight, in
milligrams, of the plantaris of mice fed either a low fat diet (LFD) or a
high fat diet (HFD) and subjected to normal cage activity (control
(CON), filled bars) or FO (open bars) for a period of 3, 7, 14 or 30 days.
∗Statistical difference between CON and FO groups at a specific time
(P < 0.05). #Statistical difference between LFD and HFD FO groups at
a specific time (P < 0.05). Sample size: n = 10 mice/group at 3 and
7 days; n = 14, n = 20 mice/group at 14 and 30 days.
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delineate the effect of diet on attenuating this increase,
muscle homogenates were analysed by sucrose density
gradient centrifugation. The sucrose density gradient
traces revealed an increase in subpolysomal and poly-
somal aggregation in the plantaris of LFD mice starting
at 3 days of loading compared with basal levels in control
muscles (Fig. 4). Individual traces were digitized and the
area under the curve was determined for the entire profile
(total, Fig. 5A) and the area after the 80S peak (polysomes,
Fig. 5B). Comparison of LFD and HFD mice following
FO showed significant attenuation in the HFD mice of
both the total and polysomal fraction at 3, 7 and 14 days
(Fig. 5).

Effect of high fat diet on Akt-signalling following
functional overload

Phosphorylation of specific kinases in the Akt/mTOR
signalling pathway was measured to identify the under-
lying causes of the diet-induced attenuation in muscle
growth and protein translation in response to increased
loading.

Akt phosphorylation. In sedentary, control mice
phosphorylation of Akt on Ser473 was significantly higher
in HFD mice relative to LFD mice. A significant increase
in Akt phosphorylation was observed at 7 and 14 days of

Figure 3. Effect of the diet duration on the growth response of
the plantaris to 14 days of functional overload (FO)
Histograms representing the average (mean ± S.E.M.) wet weight, in
milligrams, of the plantaris of mice fed either a low fat diet (LFD) or a
high fat diet (HFD) for a total of 16 or 32 weeks, and then subjected
to normal cage activity (control (CON), filled bars) or FO (open bars)
for a period of 14 days. ∗Statistical difference between CON and FO
groups for a specific diet group (P < 0.05). #Statistical difference
between LFD FO and HFD FO groups for a specific diet duration
(P < 0.05). §Statistical difference between 16 and 32 weeks HFD FO
groups (P < 0.05).

FO in LFD mice. In contrast, mice fed a HFD showed a
significant increase in Akt phosphorylation only at 7 days
following FO (Fig. 6A). As levels of phosphorylated Akt
were higher in HFD animals at rest, the relative activation
of Akt in response to FO was calculated by taking the
ratio of FO phosphorylated Akt to the mean levels of Akt
phosphorylation at rest. When calculated as a fold change
from control, the difference in the response of the LFD
and HFD FO mice was clearly apparent. While activation
of Akt was evident in the plantaris of both LFD and HFD
mice following FO, there was a significant attenuation
in the response seen in HFD (< 2-fold) relative to LFD
(> 35-fold) mice (Fig. 6B).

S6K1 phosphorylation. The phosphorylation status of
S6K1 on Thr389 followed similar trends to that seen with
Akt phosphorylation on Ser473 (Fig. 7A). A significant
increase in Thr389 phosphorylation was noted at 3, 7 and
14 days of functional overload in LFD mice, whereas in
HFD mice a significant increase in phosphorylated S6K1
was observed only at 7 days. Calculation of fold change
in phosphorylation from control showed that both LFD
and HFD mice were able to significantly activate S6K
in response to loading; however, there was a significant
attenuation in the response seen in HFD (< 2-fold) relative
to LFD (> 25-fold) mice (Fig. 7B).

GSK-3β phosphorylation. GSK-3β is phosphorylated and
inactivated by Akt on the Ser9 residue. With respect
to GSK-3β phosphorylation, there were no significant
differences between the response of LFD and HFD
mice to FO. There was a general trend for greater
phosphorylation and inactivation of GSK-3β in response
to increased loading in the LFD compared to the HFD mice
(Fig. 8).

Discussion

Here we demonstrate for the first time that chronic
feeding of a high fat diet in young mice results in the
attenuation of skeletal muscle growth in response to an
imposed increase in load. Specifically, we show that the
plantaris muscle, a predominantly fast glycolytic muscle,
of mice fed a high fat diet for durations of 14 weeks had a
significantly impaired growth response to functional over-
load, or synergist ablation, especially after 14 and 30 days
of chronic increased loading. Moreover, mice maintained
on a high fat diet for a longer duration, i.e. 30 vs. 14 weeks,
and then subjected to functional overload showed a
complete failure to grow in response to the increased load.
The attenuated growth response in the HFD mice was
associated with a reduction in the activation of Akt and
its downstream target, S6K1, following FO. Furthermore,
sucrose density gradient centrifugation analysis revealed
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an increase in polysome aggregation at 3, 7, 14 and 30 days
following overload in LFD mice that was prevented or
markedly attenuated in mice fed a high fat diet. These data
suggest that feeding mice a chronic high fat diet inter-
feres with the cellular signalling involved in the muscle
response to increased loading leading to a decrease in the
activation of protein synthetic pathways. The mechanisms
responsible for the altered cellular response to loading are
unknown.

Our data demonstrate a strong inhibition of muscle
growth in response to increased loading in a rodent
model of diet-induced obesity. Attenuation of Akt/mTOR
signalling and a reduction in polysome aggregation suggest
that in the HFD mice there was a failure to adequately
activate protein translation initiation, leading to a decrease
in protein synthesis and a reduction in muscle growth
in response to an increased load. The time course data
reveal that both LFD and HFD mice were able to initiate a

Figure 4. Qualitative analysis of polysome aggregation in the plantaris
Polysome profiles were produced using sucrose density gradient ultracentrifugation. A representative polysome
profile is presented for sedentary control mice (CON) and mice subjected to 3, 7, 14 and 30 days of functional
overload (FO) in both the low fat diet (LFD) and high fat diet (HFD) groups.
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growth response; however, the size of the response was
significantly blunted in the HFD mice as reflected by
the growth curves (Fig. 2). Comparison of the polysome
profiles for the FO groups reveals marked differences in
the polysomal fraction between the LFD and HFD mice,
which correspond nicely to the divergence seen in the
growth curves at 7 days and beyond.

Polysome profiles give a representative snapshot of the
distribution of ribosomes during the process of trans-
lation initiation, elongation and termination. The status
of ribosomal assembly can be assessed from the separation
of muscle extracts on a sucrose gradient where polysomes
(mRNA, multiple ribosomes and nascent polypeptides)
migrate to the denser fractions and monosomes (40S, 60S

and 80S RNA) remain in the less dense fractions. A shift in
the distribution of ribosomes from monosomes to poly-
somes can imply changes in the rate of protein translation
(Baar & Esser, 1999; Kubica et al. 2005). Functional over-
load in the LFD mice produced a dramatic increase in the
80S peak and an increase in the relative amount of RNA
associated with the polysome pool. Given that increases in
protein synthesis have been measured in functional over-
load (Goldspink et al. 1983), the present data are inter-
preted to mean that there was an increase in the rate of
translation initiation and possibly elongation following
FO in the LFD mice. In contrast, following FO in the
HFD mice there was a much smaller increase in the 80S
peak and little increase in RNA associated with polysomes

Figure 5. Quantitative analysis of polysome
aggregation in the plantaris
Histograms representing the average (mean ± S.E.M.)
area under the curve for the entire polysome trace (A),
and for the region after the 80S peak (B) of mice
(n = 3–5/group) fed either a low fat diet (LFD) or a high
fat diet (HFD), and then subjected to normal cage
activity (control (CON), filled bars) or FO (open bars) for
a period of 3, 7, 14 or 30 days. ∗Statistical difference
between CON and FO groups for a specific diet group
(P < 0.05). #Statistical difference between LFD FO and
HFD FO groups for a specific diet duration (P < 0.05).
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suggesting a decrease in protein translation initiation
and/or elongation. Based on these data, we hypothesize
that protein synthesis, especially protein initiation, was not
increased to the same level in the HFD mice as the LFD
mice following functional overload. It is clear, however,
that protein translation was not completely inhibited
in the HFD mice since the amount of some proteins,
such as Akt and S6K1, increased in these mice following
FO. This finding suggests that the translation of specific
mRNA may be prevented in the HFD mice in response to
loading.

The alteration in polysome profiles in the HFD mice was
associated with decreases in the activation of Akt and S6K1,
as measured by phosphorylation levels. Signalling down-
stream of Akt can potentially regulate protein synthesis

through changes in the rate of translation initiation and
the abundance of ribosomes (Bolster et al. 2004; Baar et al.
2006). Translation initiation is regulated primarily at two
steps: (1) the binding of the initiator tRNA to the 40S
ribosomal subunit to make the 43S pre-initiation complex
which is regulated by eukaryotic initiation factor (eIF)2,
and (2) the cap-dependent binding of mRNA to the 43S
pre-initiation complex which is regulated by eIF4E and its
repressor the eIF4E binding protein (4E-BP), which are
controlled by the Akt/GSK-3/mTOR signalling pathways.
Ribosomal biogenesis is critical for increasing trans-
lation efficiency and is regulated, in part, through mTOR
and the phosphorylation/activation of S6K1 leading to
hyperphosphorylation of the ribosomal protein S6 that
is associated with enhanced translation of mRNAs that

Figure 6. Effect of diet on Akt/PKB
activation following functional
overload (FO)
The phosphorylation status of Akt on Ser473

was measured in the plantaris muscle of
mice fed either a low fat diet (LFD) or high
fat diet (HFD), and then subjected to
functional overload (FO) for 3, 7, 14 or
30 days or sedentary control (CON). Data
expressed as mean ± S.E.M., n = 3–5/group.
A, Akt phosphorylation on residue Ser473

expressed as level of phosphorylation per
total protein for FO (open bars) and CON
(filled bars) mice in each diet group and at
each time point. B, relative activation of Akt
on Ser473 in response to FO, expressed as
fold change in Akt phosphorylation relative
to control, for LFD (filled bars) and HFD
(open bars) groups. ∗Statistical difference
between CON and FO at a specific time
point (P < 0.05). #Statistical difference
between LFD and HFD groups (P < 0.05).
Western blots of phosphorylated and native
proteins from the plantaris of a single mouse
in each group and time point (C, control).
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encode ribosomal proteins and elongation factors (Fingar
et al. 2004).

In response to increases in external loading, as occur
with functional overload, reloading following disuse, and
resistance exercise, skeletal muscle adapts by increasing
the cross-sectional area of individual fibres (Ishihara et al.
1998; Bodine et al. 2001; Kosek et al. 2006). Muscle
growth following periods of increased loading is associated
with activation of the Akt/mTOR signalling pathway with
increases being observed in the phosphorylation of Akt,
mTOR, 4E-BP1 and S6K1 (Baar & Esser, 1999; Bolster
et al. 2003; Childs et al. 2003; Drummond et al. 2009),
as well as an increase in the activity of eIF2 (Kubica
et al. 2005, 2008). Further, skeletal muscle growth can
be induced by the transgenic over-expression of both
Akt1 and Akt2, leading to activation of mTOR and S6K1,

and increases in muscle fibre size (Bodine et al. 2001;
Cleasby et al. 2007; Izumiya et al. 2008). Growth induced
by Akt over-expression is probably due to the activation
of mTOR since it is inhibited by rapamycin (Bodine et al.
2001).

In the present study, the response of the plantaris in the
LFD mice was consistent with previous reports (Bodine
et al. 2001) showing an increase in the phosphorylation
of Akt, GSK-3β and S6K1 (Figs 6–8), and a significant
increase in muscle growth over a 30 day period of increased
loading. In contrast, the HFD mice had attenuated growth
associated with a decrease in the activation of Akt and
its downstream targets. While 14 weeks on a high fat diet
only partially blocked the growth response, 30 weeks on a
high fat diet resulted in a nearly complete block of growth.
The response of the HFD mice, especially the mice on the

Figure 7. Effect of diet on S6K1
activation following functional
overload (FO)
The phosphorylation status of S6K1 on
Thr389 was measured in the plantaris muscle
of mice fed either a low fat diet (LFD) or
high fat diet (HFD), and then subjected to
functional overload (FO) for 3, 7, 14 or
30 days or sedentary control (CON). Data
expressed as mean ± S.E.M., n = 3–5/group.
A, S6K1 phosphorylation on residue Thr389

expressed as level of phosphorylation per
total protein for FO (open bars) and CON
(filled bars) mice in each diet group and at
each time point. B, relative activation of
S6K1 on Thr389 in response to FO,
expressed as fold change in S6K1
phosphorylation relative to control, for LFD
(filled bars) and HFD (open bars) groups.
∗Statistical difference between CON and FO
at a specific time point (P < 0.05).
#Statistical difference in FO between LFD
and HFD groups (P < 0.05). Western blots
of phosphorylated and native proteins from
the plantaris of a single mouse in each
group and time point (C, control).
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extended high fat diet, is reminiscent of the attenuated
growth that occurs with inhibition of mTOR (Bodine
et al. 2001) and its downstream target S6K1 (Ohanna
et al. 2005). The extent to which the growth of individual
fibre types (especially oxidative vs. non-oxidative) was
affected by the high fat diet was not examined in this study;
however, it is possible that the growth of fast, glycolytic
fibres was more impacted than the growth of slow and fast
oxidative fibres, especially in those mice fed a high fat diet
for a period of 14 weeks, given the differential responses
observed in glycolytic and oxidative muscles to high fat
diets of relatively short (6–8 weeks) duration (Levin et al.
2007). The reason for the much greater growth attenuation
in the 30 versus 14 weeks duration diets is unknown and
requires further study.

Attenuation of growth and a decrease in Akt/mTOR
signalling in response to increased load has been noted in
other models (Sitnick et al. 2006; Thomson & Gordon,
2006; Drummond et al. 2008). The reason for the
attenuated Akt/mTOR signalling in response to loading in
the diet-induced obese mice is unknown. One potential
contributor to the attenuated response to loading is a
decrease in the activity level of the HFD mice following
the FO surgery. In this study, we did not directly measure
activity levels following FO. A previous study (Bjursell
et al. 2008) shows that following the switch from a low
fat to a high fat diet there is an acute (3–5 h) decrease in
voluntary activity; however, after the first 24 h on the high
fat diet locomotor activity increases and by 21 days there is
no significant difference in the voluntary activity of mice
on a high fat or low fat diet. Daily observations of our mice
did not reveal any obvious difference in the behaviour of
the LFD and HFD mice following the functional overload.

Further, there was no significant change in food intake
in the HFD and LFD mice following the surgery. While
we cannot rule out differences in the activity of the LFD
and HFD mice following FO, it does not appear to be
a major contributor to the attenuated growth response.
Interestingly, the initial growth response to the increased
loading (3 days) was similar in the LFD and HFD mice.
Direct measurement of activity levels will be necessary in
future studies to address this question.

Another potential contributor to the attenuated
response to loading could be an elevation in intra-
myocellular triglycerides (IMTG) in the muscle following
the high fat feeding. In response to HFD in rodents,
others have noted an increase in IMTG that is strongly
correlated with the development of insulin resistance and
a decrease in oxidative metabolism (Corcoran et al. 2007;
Moro et al. 2008; Silveira et al. 2008). The lipids themselves
are not thought to be the problem, but rather the increase
in the lipid intermediates, fatty acyl coenzyme A and
ceramide, associated with fat metabolism, and possibly an
increase in oxidative stress within the tissue (Silveira et al.
2008). Interestingly, the effects of a high fat diet on lipid
accumulation and insulin signalling appear to be greater
in predominantly glycolytic than in oxidative muscles
(Levin et al. 2007). In the present study, diet-induced
obesity appears to have had a significant effect on the
plantaris, a muscle composed of predominantly type IIb,
fast glycolytic fibres. Whether the negative effect of a high
fat diet on load-induced growth is similar in the soleus,
an oxidative muscle, as in the plantaris remains to be
investigated.

The majority of diet-induced obesity studies have
focused on the development of insulin resistance, with few,

Figure 8. Effect of diet on GSK-3β

inactivation following functional
overload (FO)
The phosphorylation status of GSK-3β on
Ser9 was measured in the plantaris muscle
of mice fed either a low fat diet (LFD) or
high fat diet (HFD), and then subjected to
functional overload (FO) for 3, 7, 14 or
30 days or sedentary control. Data
expressed as mean ± S.E.M., n = 3–5/group.
GSK-3β phosphorylation on residue Ser9

expressed as level of phosphorylation per
total protein for FO (open bars) and control
(filled bars) mice in each diet group and at
each time point. Western blots of
phosphorylated and native proteins from
the plantaris of a single mouse in each
group and time point (C, control).
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if any, examining the effects of obesity on other properties
of muscle such as force production or growth capacity.
Interestingly, obesity has been associated with decrements
in protein synthesis in response to insulin. Anderson et al.
(2008) noted a significant attenuation in the ability of
muscles from HFD mice to stimulate protein synthesis
following a meal as compared to LFD mice. In addition,
Yerby et al. (2008) examined ATP synthesis in response to
insulin in rats fed a high fat diet for 8 weeks and found
that under basal (i.e. low insulin) conditions, the muscle
ATP synthesis rates of HFD rats were approximately 30%
lower than chow-fed rats. Further, when given an insulin
challenge, chow-fed rats showed a significant increase in
muscle ATP synthesis while HFD rats showed no increase.
Interestingly, Chanseaume et al. (2007) measured an
increase in the basal fractional synthesis rates of mixed and
mitochondrial proteins in the soleus and tibialis anterior
of rats fed a high fat diet for 6 weeks. In the present study,
we made no measurements of basal protein synthesis rates;
however, comparison of the polysome profiles of control
LFD and HFD mice did not show a significant increase
in translational activity in the HFD mice under control
conditions.

The mechanisms responsible for the reduction in the
ability to activate protein synthetic pathways in response
to insulin or other growth stimuli, such as loading,
following diet-induced obesity are unknown. Multiple
factors could be involved, such as a decrease in energy
balance (ATP/ADP ratio) or an increase in oxidative stress
that could negatively affect the ability to activate mTOR
and its downstream targets. Recent findings suggest that
mTOR plays a key role in both growth and metabolism
(Dann et al. 2007). While growth factor and insulin
activation of mTOR is through tyrosine receptor activation
of a class 1 PI3K-Akt pathway; activation of mTOR by
mechanical loading and amino acids appears to be through
alternate pathways that may not require Akt (Hornberger
et al. 2006; Dann et al. 2007). In the present study, both Akt
and S6K1 activation were attenuated following loading in
the HFD mice; however, the extent to which the decrease in
Akt activation is linked to the decrease in S6K1 activation
is unknown. It is possible that the decrease in S6K1
activation is occurring through inhibition of mTOR in
an Akt-independent manner.

The present study represents the first investigation to
show that diet-induced obesity has a negative impact on
the ability of skeletal muscle to adapt to growth signals such
as mechanical loading. A decrease in the ability of muscle
to respond to growth signals could adversely affect glucose
homeostasis, as well as prevent recovery from injuries
and accelerate the effects of ageing. Additional studies are
required to investigate the mechanisms by which obesity
interferes with the response of skeletal muscle to growth
stimuli.
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